The variational Monte Carlo method is applied to calculate groundstate energies of some cations and anions of the first-row atoms. Accurate values providing between 80 and 90% of the correlation energy are obtained. Explicitly correlated wave functions including up to 42 variational parameters are used. The nondynamic correlation due to the 2s Ϫ 2p near degeneracy effect is included by using a multideterminant wave function. The variational free parameters have been fixed by minimizing the energy that has shown to be a more convenient functional than the variance of the local energy, which is the most commonly employed method in variational Monte Carlo calculations. The energies obtained improve previous works using similar wave functions.
Introduction

V
ariational Monte Carlo (VMC) has become a powerful tool in quantum chemistry calculations [1] . One of its main advantages is that it allows for the calculation of the expectation value of any operator between wave functions of any type. Therefore, the constraint of using basis sets that allow for an analytical integration is removed. Simple and compact trial wave functions can be used instead of relying on large expansion in Slater determinants. The former can include analytical features of the wave function improving the rate of convergence of the variational calculations. A convenient option is to use trial wave functions including an explicit dependence on the interelectronic coordinate, especially if the parameterization is able to fulfill the cusp conditions. Such anzats have been mostly restricted to few-electron atoms [2, 3] due to the enormous difficulties involved in their generalization to more complex systems. It is worth mentioning here recent works where explicitly correlated wave functions have been used in either a configuration interaction or coupled cluster formalisms [4, 5] .
The use of the VMC method allows one to deal with general forms of the trial wave function. A common parameterization is to express the wave function as the product of a symmetric correlation factor, F, accounting for the dynamic correlation effects, times a model wave function ⌽ that is antisymmetric in the electronic coordinates. Usually some free parameters are considered in the trial wave function that are optimized within the VMC framework [1] . Once the wave function has been fixed, some other interesting properties can be deduced from the wave function by using the MC algorithm to compute the corresponding expectation value.
In this article, we present the results of a VMC calculation of the correlation energy for some cations and anions of the first-row atoms. Explicitly correlated wave functions including electron-electron, electron-nucleus, and electron-nucleus-electron correlations are obtained. Nondynamic effects are also explicitly taken into account in the parameterizations for those systems where they present the more relevant contributions. Our results improve previous ones using similar wave functions, showing that VMC with compact wave functions is able to provide accurate results. The quality of the wave functions of the charged species is similar to that achieved for neutral atoms.
In the next section, we give the parameterization of the trial wave functions and some details on the optimization algorithm. The results are then presented and discussed. Finally, the summary and conclusions of the present work are presented. Atomic units are used throughout unless otherwise indicated.
Trial Wave Function
We use a Jastrow form for the trial wave function:
The correlation factor, F, includes the dynamic correlation among the electrons and is symmetric under interchange of the particles. The model function, ⌽, provides the correct properties of the exact wave function such as the spin and the angular momentum of the atom, and is antisymmetric in the electronic coordinates.
For the correlation factor, the parameterization proposed by Boys and Handy [6] is employed: 
and
The parameters b and d represent the inverse of the effective range of the correlations. The set of values m k , n k , and o k determines the parameterization of the correlation factor. In this article, we use the prescription of Schmidt and Moskowitz [7] formulated by using arguments based on the requirement of local current conservation. The correlation factor used in the present work has 17 variational parameters including electron-electron, electronnucleus, and electron-electron nucleus correlations. By using this correlation factor the electronelectron cusp condition can be exactly imposed by fixing a priori the value of one of these coefficients. We also explore a recently proposed 42-parameter correlation factor [8] that does not contain the one of Schmidt and Moskowitz with 17 variational parameters as a particular case.
For the model wave function, ⌽, it is possible to adopt different forms. The first corresponds to a Slater determinant (e.g., the Clementi and Roetti [9] solution of the Hartree-Fock [HF] equations). In this case the trial wave function, ⌿, is denoted by ⌿ n,0 , where n is the number of variational parameters in the correlation factor. Another possibility for ⌽, especially adequate for systems where the so called 2s Ϫ 2p near degeneracy effect [10] is present, i.e., for those atoms with four, five, or six electrons, is to use a multideterminant wave function including both configurations in the following way:
where ⌽ 1 and ⌽ 2 are solutions corresponding to the configurations 1s 2 2s 2 2p k and 1s
, respectively, where k ϭ 0, 1, and 2 for four-, five-, and six-electrons systems, respectively. Here is a new variational parameter. We have used the multiconfigurational Hartree-Fock (MCHF) solutions corresponding to those configurations [11] and we denote the total wave function by ⌿ n,1 . The use of this two-determinant wave function has been shown to improve the results for the energy and other atomic properties with respect to single-determinant wave functions, especially for four-electron systems [12, 13] .
A key point in a VMC is the optimization of the trial wave function with respect to the free parameters. Usually, algorithms based on the minimization of the variance of the local energy have been used [1] . In this article, we use an efficient algorithm based on energy minimization that has been recently devised [8] . It is based on the Newton's method with an analytical calculation of the first and second derivatives with respect to the variational parameters. It compares favorably with variance-optimization schemes using different minimum-searching algorithms. Direct comparisons with other techniques by using identical wave functions show a better performance of this method.
It is worth mentioning that most of the VMC calculations existing in the literature for atoms and molecules have been carried out using the trial wave function given in Eq. (1). However, some other forms have been explored [14, 15] and promising results obtained. [9] and those that can be considered exact. We report two set of values corresponding to a correlation factor with 17 free parameters (⌿ 17, j ) and a more complex one including up to 42 (⌿ 42, j ). Here, j ϭ 1 for four-, five-, and six-electron systems HF gives the Hartree-Fock energy of Clementi and Roetti, ⌿ 17,j and ⌿ 42,j are the expectation values calculated with those wave functions, and the column labeled "exact" is the estimate of the energy of the system. In parentheses we report the statistical error in the last figure; the percentage of correlation energy is given in brackets.
Results
and j ϭ 0 for the rest. The values of the parameters b and d of Eq. (4) are fixed to one in the present calculations. The optimum set of free parameters was calculated using the algorithm of Ref. [8] . The exact nonrelativistic energy of the neutral and positive species was taken from Ref. [16] . The energy of the anion was estimated by adding the experimental electron affinity [17] to the energy of the neutral atom. These results show the good performance of these relatively simple trial wave functions. For three-and four-electron systems accurate results are obtained, yielding more than 97% of the correlation energy. For heavier systems, this percentage is reduced, but is always between 80 and 90%. It is also worth pointing out that the parameterization of Schmidt and Moskowitz [7] converges properly because the results obtained with the 42-term wave function are close to those provided by a 17-parameter one. The results obtained in this article improve those obtained previously [18] , especially for those systems with four, five, and six electrons where the 2s Ϫ 2p near degeneracy effect plays an important role and a multiconfiguration trial wave function is needed to achieve accurate results. Tables II and III show the exact nonrelativistic estimate value of the ionization energy [16] and the experimental electron affinity [17] , respectively, as compared with the values calculated from the best wave functions obtained in this article. For the sake of comparison, we also include the HF values for those quantities. These results are in good agreement with the experimental results, except for the case of the electron affinity of the B atom. The reason for this may lie in the fact that our trial wave functions do not describe properly the more diffuse p orbitals in B Ϫ . This effect has been pointed out in a previous article [19] where multiconfiguration self-consistent field type wave functions including double excitations from 2p 2 into 3p 2 were employed. In this article, we tried such a multideterminant expansion for the model wave function in Eq. (1) . For the particular case where no explicit dependence in the interelectronic distance is considered, F ϭ 1, a noticeable improvement in the correlation energy with respect to the two-configuration wave function is obtained. However, this is not the case when the correlation factor is taken into account. In particular, ⌿ 42,1 provides roughly the same correlation energy as a trial wave function including three configurations (1s  2 2s  2 2p  2 , 1s  2 2p  4 ,  and 1s  2 2s  2 3p 2 ) and a correlation factor with 17 free parameters. When a 42-parameter correlation factor is used along with the three-configuration model wave function, the improvement is small. Therefore, the nondynamic effect included by the double excitation is recovered by the correlation factor used in this article. More sophisticated trial wave functions with a more complex model wave function and correlation factor are required to get a better description of this ion and, in particular, a more accurate estimation of the electron affinity of boron. The C atom constitutes a special case because the 2s Ϫ 2p near degeneracy effect is present in the neutral system but not in the negative ion. The same thing but in the opposite direction holds for Li and Li Ϫ . Finally, it is worth mentioning that the relativistic correction to the electron affinity [20] is always below the statistical error achieved in this article for the systems considered.
Despite the simplicity of the wave functions used the results are satisfactory. Our results cannot be compared to those obtained from more sophisticated wave functions such as those based on an r 12 -multireference configuration interaction scheme In parentheses we give the statistical error in the last figure. [20]. These wave functions are built using complete active space types combined with all possible single and double substitutions (far more complicated than the simple model wave function used here) and also contain linear r 12 terms to account for higher-order substitutions and the interelectronic cusp. In the present article, the percentage of correlation energy recovered is similar to that obtained in the classical paper of Sasaki and Yoshimine [21] , where extensive configuration interaction calculations including selected triple and quadruple excitations were reported. The explicitly correlated wave functions used in this work describe correctly the differential correlation energy between an atom and its ion, which requires the use of higher-order substitutions in a CI scheme. The calculation of the electron affinity has been traditionally regarded as one of the hardest problems in quantum chemistry. The calculation of the ground-state energy up to a certain degree of accuracy is more complicated for the anion than for the neutral atom, and then too low electron affinities with respect to the experiment can be obtained, or even negative as is found in the HF approach for Li, B, and O, as can be seen in Table III . The reason for this difficulty in describing the negative ion is its more diffuse charge distribution with the (Z ϩ 1)st electron more loosely bound than the other Z electrons [19] . This effect is especially true for B Ϫ . From Table III one can see that the experimental electron affinity is smaller than for the other atoms. That means that its last electron is more loosely bound. Therefore, more sophisticated correlation mechanisms should be introduced in the trial wave function to reproduce the structure of this anion.
Conclusions
Explicitly correlated compact wave functions have been obtained for the cations and anions of the first-row atoms within a VMC framework. Singleor multideterminant wave functions multiplied by a correlation factor have been used. The Boys and Handy form of the correlation factor with the parameterization of Schmidt and Moskowitz has been used. More general forms have been studied, obtaining little improvement. The free parameters have been optimized using an algorithm that minimizes the expectation value of the energy. The percentage of correlation energy recovered is similar for the neutral and charged species. Ionization energies and electron affinities that are in good agreement with the experimental values (except for the EA of B) are obtained. These simple wave functions will help us better understand the important effects of the electronic correlations in charged systems and learn about the physical phenomena occurring in a correlated structure. These wave functions are useful to get insight into the description of these systems, giving a quantitative picture of the dominant physical effects responsible for the differences between an atom, its anion, and its isoelectronic neutral.
